One of the critical components of energy savings in buildings is thermal insulation, especially for windows in cold climates. The conventional approach mainly relies on a double-pane design. In this study, a new concept of "Green Window" has been designed for single-pane applications that lower the U-factor. The "Green Window" is structurally and simply composed of a thin film window coating of chlorophyll that exhibits pronounced photothermal effect, while remaining highly transparent. We demonstrate a new concept in "thermal insulation" via optical means instead of solely through thermal insulators or spectral selectivity. This concept lifts the dependence on insulating materials making single-pane window highly possible.
Introduction
Energy efficiency has to be enhanced by reducing the amount of energy required to provide products and services. In energy saving, one critical issue deals with a large amount of heat loss from public buildings, especially in cold regions. According to a report by the US Department of Energy, building heating, ventilation, and air conditioning (HVAC) accounted for 14.0% of primary energy consumption in the USA. Heat loss through windows in cold weather consumes about 3.9 quads, which is estimated to encompass 28.7% of total HVAC energy consumption. [1] To quantify overall heat flow through windows, the National Fenestration Rating Council (NFRC) has introduced an energy-performance characteristic of windows: the rate of heat loss, or U-factor. The lower U-factor implies better thermal resistance, meaning the heat flow from a warmer room to the colder outside can be better resisted. The current approach in improving window U-factor has been through either spectral selectivity or structural architecture. The former has been mainly achieved, to a limited extent, via lowemissivity (low-E) coating, while the latter by multiple layers of insulation (double-pane or triple-pane). [2, 3] Most of the thermally insulated windows in cold climate regions are double-paned, sandwiching transparent insolating materials, such as gases, liquid crystals, vacuum glazing, etc., which creates additional and unnecessary volume and weight, as well as higher cost of the materials. [4, 5] Therefore, ARPA-E raised the SHIELD program (Single-Pane Highly Insulating Efficient Lucid Designs), aiming at single-pane windows to replace multi-pane windows, includes double-panes and triple-panes. [1] U-factor is proportional to the temperature difference, ΔT, between the center of the room and the window interior surface. Therefore, a simple strategy is to slightly raise the window interior surface temperature through the photothermal effect against the colder external environment by collecting solar light that is largely unutilized. Some noble metals, such as gold nanorods, are well known for their pronounced photothermal effects. [6] However, these materials often suffer from high absorption in the visible region. A functional coating would be quite plausible if it significantly heats under solar illumination, to lower the U-factor, without involving any insulating materials but retains high visible transparency.
Solar light is an electromagnetic wave of a wide frequency range (from UV to infrared). The photothermal effect is known to be frequency-dependent, leading to varied energy conversion efficiency. [7] Furthermore, the intensity of solar light is not uniform with the non-visible light [ultraviolet (UV), near-infrared (NIR), and infrared) counting for more than half of the total solar energy at sea level. [8] Ideally, an energy-efficient window should absorb most of the "free" non-visible light and convert it to thermal energy while allowing high visible transmittance (VT). A typical VT ranges between 30% and 80% for most of the double-pane windows. [9, 10] An energy-efficient window with a low U-factor is optically characterized by a saddleshaped absorption spectrum, with high absorptions at both edges (UV and NIR) of the visible range for strong photothermal effects. With this concept, unique photothermal coating materials can be developed that collect most of the solar light for self-heating with minimum VT losses. Zhao et al. reported photothermal coatings with Fe 3 O 4 nanoparticles on glass substrates that exhibited strong self-heating, irradiated by both NIR laser and solar light, and significantly lowered the U-factor. [7] However, VT was negatively impacted. It is therefore important to search for a highly transparent coating with a strong photothermal effect.
In this study, we report a "Green Window" concept based on the natural material chlorophyll (Chl) developed by using a straightforward spin-coating technique on glass that exhibits excellent photothermal effect and high visible transparency. The photothermal effects were investigated on these Chl films by solar light and NIR laser irradiation. Optical properties of the Chl films were characterized including heating curves, optical absorptions, and VT.
The concept of the photothermal "Green Window" is schematically illustrated in Fig. 1 and is a new concept in preventing heat loss, particularly useful for developing single-pane windows. Under solar light, sufficient self-heating can effectively increase the inner window surface temperature, leading to reduced ΔT and therefore effectively lowering the U-factor without additional insulating layers between the double-panes. The key factor in energy saving relates to the intensity of the photothermal effect from the thin film coatings on the window glass. Although several materials have been found to exhibit strong photothermal effects, such as gold, Fe 3 O 4 , and graphene, their optical absorption characteristics are not ideal for window applications. [11] [12] [13] [14] Figure 2 shows the absorption spectra of various materials indicated. As can be seen in this figure, while gold exhibits strong absorption below 300 nm, there is another peak at 520 nm, contributing to considerable visible light absorption. Much stronger absorption is observed in the UV range for graphene and Fe 3 O 4 nanoparticles, but they gradually decay to the minimum in the visible range up to NIR. However, Chl shows the saddle-like spectrum with two peaks, respectively, at 400 nm (blue-violet) and 700 nm (NIR), which is consistent with its green color from which the name "Green Window" is derived. [15] It is this typical spectrum with the saddle-like shape that qualifies Chl for making green windows.
Results and discussion
Optical absorption characteristics and photothermal effect of chlorophyll Chl was extracted from local fresh spinach. A detailed extraction process is presented in the Supporting materials. The green solid curve in Fig. 2 shows the UV-vis absorption spectrum of Chl in 1-butanol. As shown in this figure, Chl absorption exhibits a saddle-like shape with two peaks, respectively, at 415 and 664 nm, from which the absorbed energy can be converted to heat.
To investigate the photothermal effect of Chl, two different laser wavelengths of 661 and 785 nm were used with a power of 0.1 kW/ m 2 . Within each 150 µL sample, 1 mg/mL of Chl solution was dissolved in 1-butanol. 1-butanol was chosen as a solvent since toluene is corrosive to the plastic container. Another reason for using 1-butanol was due to its lower vapor pressure and higher boiling point compared with other solvents of Chl. Figure 3(a) shows the temperature differences of glass samples (ΔT g ) induced by laser irradiation at 661 and 785 nm, respectively. As can be seen in this figure, while a ΔT g of 9.5°C was generated within 10 min by the 661 nm laser, much less temperature difference was observed for 785 nm irradiation (∼1°C) within the same time period. Quite similar behaviors are observed in Fig. 3(c) for the Chl thin films coated on glass substrates. For a comparative study, the glass samples were sectioned to identical dimensions of 25 mm × 25 mm with a mass density of 0.15 mg/cm 2 Chl. As shown in Fig. 3(b) , irradiation with 661 and 785 nm lasers, respectively, give the ΔT g values of 22 and 2°C. Comparing the results of Figs. 3(a) and 3(b), one can see greater ΔT g generated by the Chl film compared with the solution when using the 661 nm laser. This difference is attributed to the relatively high Chl concentration in the solid film surface. As can also be seen in both Figs. 3(a) and 3(b), the heating curves reach plateaus after 4 min as a result of constant heat loss through the samples.
Multiple layers of Chl thin films on glass substrates were developed to investigate the thickness dependence of the photothermal effect. The multilayer-coating procedures can be found in the Supporting materials. The Chl solution was mixed with PMMA with a ratio of 1:1 and applied uniformly on the glass substrates. Each layer was estimated to have a mass density of 0.025 mg/cm 2 Chl. A Newport 150 W solar simulator was applied with an intensity of 1 kW/m 2 for generating the photothermal effect. Figure 3(c) shows ΔT g versus time for the multilayer samples. Consistently, thicker films (more layers) gave greater ΔT g as expected. Conversely, the thicker films exhibit lower VT. In Figs. 3(a) and 3(c) , temperature plateaus can be observed after 2 min of irradiation by laser and solar simulator. This plateau is formed as a result of heat loss through the environment balancing the generation of thermal energy; a rise in temperature no longer observed. Resulting plateaus are shown in Figs. 3(c) and 3(d) . Figure 3(d) shows ΔT g,max versus VT for thin films of different layers (a maximum of six layers). Interestingly, ΔT g,max versus VT displays a linear relationship extending to the point where no Chl film is applied (highest VT).
With the ΔT g,max data, U-factor can be calculated for window applications. According to our previous research, only a 5°C of ΔT g,max can lead to a sufficient decrease in U-factor. Based on the data shown in Figs. 3(c) and 3(d) , to generate enough heat for 5°C of ΔT g,max , a minimum of four layers (0.10 mg/cm 2 ) of Chl coating is required on the glass for the dimension of 25 mm × 25 mm. According to the data shown in Fig. 3(d) , 5°C of ΔT g,max results in a VT of 70% (the corresponding mass density is 0.10 mg/cm 2 Chl in coating). Compared to most of the double-panes, 70% VT is greatly satisfactory for window applications. [9] Figure 4(a) shows an optical photograph through the Chl film-coated glass with four layers. As can be seen, the image through the "Green Window" is clear and sharp with significant transparency. For comparison, the counterpart image is shown in Fig. 4(b) with a regular glass. The actual "Green Window" sample is shown in Fig. 4(c) . As shown in this figure, one can see a quite uniform coating and a smooth surface of the Chl thin film on a glass substrate. Furthermore, no striation can be visually observed. Due to its particular "saddle-like" absorption characteristic, the Chl thin film appears to be green, a natural color of Chl. Figure 4(d) shows the scanning electron microscope (SEM) images of cross-sections of the Chl-coated glass sample (two-layer coating).
The photothermal properties
The solar photothermal conversion efficiency, η, is defined as the ratio of the energy increase inside the sample to the incident simulated solar radiation. The formula was developed for monochromatic light by Roper et al., [16] and later simplified by Jin et al. [17] for solar light:
where c (J/g/°C) is the heat capacity and m (g) is the sample mass. Subscripts (g), (Chl), and (p) correspond to glass, Chl, and PMMA, respectively. ΔT g,max (°C) is the temperature difference between the maximum sample temperature and the ambient temperature; Δt (s) is the time for the sample to reach the maximum temperature; I (W/cm 2 ) is the absorbed solar simulator power density, and A (cm 2 ) is the irradiated surface area (in this study it is the substrate area). The coating layer volume (containing Chl and PMMA) is negligible in the equation due to its extremely small mass compared with the glass substrate. In this study, the weight of each glass sample, m g , is 1.77 g, and the heat capacity of glass, c g , is 0.84 J/g/°C.
Chl's capacity to absorb solar energy per unit of mass is quantified by specific absorption rate (SAR), which is expressed by the following equation [17] : where ΔT control is the temperature difference between the maximum temperature that the control (PMMA-coated, without Chl) sample can reach and the ambient temperature. The SAR can be simplified and written as:
The rate of window heat loss is given by the standardized thermal transmittance, or U-factor. The U-factor calculation is simplified and generated from ASTM C1199-14 [18] and the details are included in the Supporting materials. In this study, U-factor is calculated by using the following equation:
where T h is the indoor air temperature; T g is the inner surface glass temperature; H is the window height; σ is the StefanBoltzmann constant; e is the emissivity; v is the wind speed, and R L is the resistance of the windowpane assembly.
The solar photothermal conversion efficiency (η), SAR, and U-factor reduction of each sample with different layers are shown in Table 1 . As shown in this table, consistent with the results shown in Figs. 3(a)-3(d) , ΔT g,max under solar light increases with Chl coating thickness but expectedly with reduced VT. The photothermal conversion efficiency and SAR are seen to be not significantly dependent on the Chl layer thickness. However, the U value is considerably reduced with the increasing Chl mass on the glass substrates, while remaining high VT values for all samples.
According to Carmody et al., [19] the U-factor of an uncoated single-pane window is 4.77 W/m 2 /K. Even for a double-pane window with wood and vinyl frame, the U-factor can be as high as 2.78 W/m 2 /K. [19] To achieve Energy Star certification in colder regions of the USA, the Department of Energy requires a window U-factor <1.7 W/m 2 /K (0.3 Btu/h/ft 2 /°F ). [20] According to our experimental data shown in Table 1 , with assumptions of the weather conditions, a single-pane "Green Window" with Chl coatings is characterized by a U-factor as low as ∼1.5 W/m 2 /K (∼0.265 Btu/h/ft 2 /°F), which is highly satisfactory for the DOE requirements.
Discussion
As shown in Figs. 3(a) and 3(b) , there is a significant difference in ΔT g between irradiations of 661 and 785 nm lasers for both solution and thin film samples. This can be explained by the change in energy conversion efficiency of the two wavelengths as indicated by the absorption spectrum. As can be seen in Fig. 2 , Chl typically exhibits two absorption peaks at 415 and 664 nm, respectively. Therefore, by data shown in Figs. 3(a) and 3(b), stronger photonic absorbance is associated with greater photothermal heating and thus high ΔT g as shown in Figs. 3(a) and 3(b) . The laser of 785 nm is, by comparison, weakly absorbed and contributing insignificantly to the photothermal effect. From these experimental observations, one can anticipate an even higher photothermal effect for a laser excitation near the 415 nm peak than observed for the 661 nm laser, since the absorption of Chl at 415 nm is even higher than that at 661 nm, as shown in Fig. 2 .
Based on the data shown in Table 1 , the Chl-based "Green Window" exhibits an excellent photothermal effect and ideal optical properties for window applications, especially for single-pane windows in cold climates. With sufficient selfheating, the U-factor can be significantly lowered, indicating highly improved heat loss in winter. This mechanism lifts the dependence on thermal insulating materials and paves a new path for the novel design of energy-efficient windows. Chl coatings can be applied in a straightforward way onto windows as a retrofit, showing promise in both sustainability and energy efficiency. Chl coatings are uniquely characterized not only by their strong photon to heat conversion efficiency, but also high VT, an essential quality required for window applications. Compared with other materials that exhibit strong photothermal effects such as gold and Fe 3 O 4 nanoparticles, Chl is much more transparent in the visible band due to its saddle-like absorption spectrum. Moreover, the absorption characteristics of Chl may be modified for further enhanced VT and energy conversion efficiency. Ideally, the width between the two major absorption peaks can be widened, improving VT. The absorptions in the non-visible regions, especially in NIR, can also be enhanced for greater photothermal effect and energy conversion efficiency. Some Chl derivatives such as chlorophyllin and copper Chl have been investigated with quite different absorption spectra. [21] Modifications of Chl may result in "red-shift" of the 664 nm absorption peak by substituting magnesium with other NIR absorbers. [22] As the green color of Chl originates from strong absorptions in the blue-violet and NIR regions, materials with this optical characteristic may qualify as potential candidates for "Green Window" development, i.e., strongly photothermal while highly transparent. In this fashion, a new approach has been developed in window design, material selection, thermal insulation, and optical tuning.
Conclusion
As is well known, about 57% of solar light is invisible, but this "free" energy can now be well utilized by the "Green Window" concept via the photothermal effect of natural materials. Inspired by unique optical properties, natural Chl is found to be an ideal coating for energy-efficient window applications. The absorption spectra of naturally occurring Chl optically satisfy the idea of photothermal "Green Window" in both high visible transparency and photon energy conversion. Without relying upon any thermal insulating materials, heat loss can be effectively prevented via reduction of the temperature difference (ΔT ) between interior air and window surface. This is achieved by a thin Chl coating that self-heats the window surface while retaining high VT. Experimental results indicate that only a 5°C temperature increase on the window interior surface is sufficient for a satisfactory U-factor. The profound implication of this study lies with the novel approach in thermal insulation. Without a need for any insulating layers, the U-factor can be significantly reduced, making energy-efficient, singlepane windows highly possible. This novel approach will significantly improve the energy and material savings for regions in cold climates where thermal transduction plays a substantial role in heat loss.
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